Cisplatin has been known as an anticancer drug for a long time. It is therapeutically active upon binding to DNA. A double-bound cisplatin bends DNA into a localized kink. We model the elastic properties of cisplatin-DNA adducts at moderate tension ͑Ͻ6 pN͒. It is shown that from the mechanical point of view the action of cisplatin can be revealed by reduced persistence length. We derived two expressions for the persistence length, which apply in the linear-response and the strong-force regimes, respectively. Experimental data for DNA adducts stretched by magnetic tweezers are consistently fitted by these expressions. This allows us to estimate the degree of platination at various salt concentrations.
I. INTRODUCTION
Cisplatin is among the earliest and best-known anticancer drugs ͓1͔. It has been known for a long time that cisplatin functions by binding to DNA molecules ͓2͔. The platination of DNA hinders DNA synthesis and interferes with its repair mechanism, eventually killing cells. Synthesis and testing of next-generation drug complexes constitutes a very active field of chemistry and medical science ͓3͔. Thanks to Lippard and co-workers ͓4-6͔ and others ͓7-9͔, much is known about binding of cisplatin to DNA from the chemical and structural point of view ͓10͔. Cisplatin is a planar complex Pt͑NH 3 ͒ 2 ͑Cl͒ 2 , and the active form turns out not to be cisplatin itself but ionized hydrated forms, Pt͑NH 3 ͒ 2 ͑H 2 O͒Cl + and Pt͑NH 3 ͒ 2 ͑H 2 O͒ 2 2+ . The cationic complexes are favored over the neutral one in the vicinity of the negatively charged DNA. An excess of Cl − anions can reverse the hydration and restore the inactive neutral form. The significance of this effect will be discussed later. Water is an easy-leaving group that can be further replaced, for example, by a nitrogen atom of DNA bases. Most important to our work are the intrastrand cross links between two neighboring guanine bases ͑GpG͒ which form nearly 68% of the adducts and are therefore responsible for altered mechanical properties under moderate force ͑ϳ1 pN͒. Cisplatin binds to the N7's of two consecutive guanines, which are accessible from the major groove of DNA, resulting in a complex where a platinum atom is coordinated with four nitrogens. The platinated DNA has kinks at binding sites. From x-ray-diffraction ͓10͔, NMR ͓11͔, and gel-electrophoresis experiments ͓12,13͔, it is shown that a kink of GpG adduct bends the DNA helix by k =2␥ = 40°and unwinds it by 13°upon cisplatin binding. As cisplatin mainly binds as Pt͑NH 3 ͒ 2 2+ , the chemical binding of these complexes onto negatively charged DNA backbone neutralizes the electrostatic charges around the kinks.
Although the electrostatic self-interaction stiffens DNA, such electrostatic interactions are screened out at high salt concentration and the intrinsic persistence ͑51 nm͒ applies to natural DNA. Our experiments were performed in the salt concentrations ranging from 10 to 160 mM, where we verified that the elasticity of bare DNA is well described by the intrinsic persistence length. In our study, we will neglect electrostatic stiffening throughout.
As cisplatin occupancy changes, the cisplatin-bound DNA undergoes a structural change due to the accumulation of kinks. We monitored such a structural change by measuring the force extension of cisplatin-DNA adducts using magnetic tweezers ͓14,15͔. An external force is applied to one end of a double-stranded DNA ͑dsDNA͒ molecule while the other end is held fixed. Then the stretched DNA is incubated in the solution of cisplatin. In this way, DNA loops can be suppressed and cisplatin mainly binds at two consecutive GpG bases. As cisplatin binding continues under a constant force, the extension of DNA decreases due to the formation of kinks and the modified DNA is strengthened ͑more resilient against pulling͒.
For the last decades, single-molecule force spectroscopy measurements have revealed that the elastic response of a molecule reflects the internal structure of the molecule ͓16-18͔. The earlier work by Krautbauer et al. ͓19͔ reported atomic force microscopy ͑AFM͒ experiments on cisplatinbound DNA under large forces, especially focusing on the effect of intra-and interstrand cisplatin adducts on the B-S transition ͓the overstretching transition between the Band S-form DNA͔ ͑ϳ65 pN͒ and on the melting transition ͑ϳ200-300 pN͒ of DNA. It was shown that both transitions are far less cooperative than in the absence of cisplatin. Complementary experiments were performed on synthetic dsDNA of specific base sequences to attribute such mechanical changes to particular types of adducts.
In this paper we consider a regime of much weaker forces ͑Յ6 pN͒, well below the force for the B-S transition, typical of standard magnetic tweezers experiments ͓14͔. Recently, we showed that the elasticity of a cisplatin-DNA adduct can be characterized by two separate persistence lengths at lowand high-tension regimes ͑yet below the B-S transition͒ and the degree of platination can be estimated via the bimodal modeling ͓15͔. In this paper, we present a detailed theoretical description of the bimodal modeling which can be used to characterize the force-extension curves of cisplatin-DNA adducts at those moderate tensions and predict the cisplatin occupancy from the single-molecule experimental data. A short account of this work appeared in ͓15͔.
Double-bound cisplatin kinks a DNA molecule and modifies its elastic properties. Besides numerical studies on a single permanent kink by Li et al. ͓20͔ , several analytical theories for DNA chains kinked by bound chemicals or proteins have been provided in recent years. Wiggins et al. ͓21͔ considered annealed kinks with a variable kink angle. Popov and Tkachenko ͓22͔ studied kinks with a fixed kink angle induced by chemicals in full equilibrium with the embedding solution. Kulic et al. ͓23͔ provided a theory for DNA elasticity where kinks are produced by sliding loops. In these cases, the persistence length under high tension recovers that of bare DNA. There is, however, no evidence for unbinding of cisplatin ͑or kink angle flattening͒ in our experiments. As also mentioned in Ref. ͓4͔, double-bound cisplatin is unable to desorb or to efficiently move along DNA during the measurement. Thus, it is necessary to develop a theory to handle our situation where quenched kinks are located along the DNA backbone. In order to model the influence of irreversible kinks on DNA elasticity, we distinguish two limiting cases depending on the magnitude of the external force.
As we stay well below the B-S transition of DNA molecules, dsDNA can be characterized by its stiffness only and hence modeled as, otherwise featureless, wormlike chain. All microscopic details go into one unique parameter, the persistence length l p , which characterizes the decay of orientational correlation along the chain ͓24͔. Qualitatively, such a chain can be viewed as rigid at scales smaller than the persistence length l p and flexible ͑fluctuating͒ at larger scales. The correlation in the orientation of the tangent vector u decays exponentially along the contour over the persistence length l p due to thermal fluctuations, ͗u͑s͒ · u͑sЈ͒͘ = exp͑−͉s − sЈ͉ / l p ͒, with s as the curvilinear coordinate along the chain. Bending the chain locally with a curvature C costs an elastic energy of k B Tl p C 2 / 2 per unit length. Summing up the orientational correlations yields the average end-to-end distance ͗R 2 ͘ 0 =2Ll p of a free chain where the contour length L is assumed to be much larger than l p . ͑In fact, the DNA used in our experiments is a few micrometers long, which is about 2 orders of magnitude longer than the intrinsic persistence length l p = 51 nm, relevant here, of DNA.͒ Under a "diverging" force, the chain stretches out completely and R 2 = x 2 = L 2 , with x as the extension along the direction of the force. Under a large but finite force
. The forceextension curve is described by the widely used interpolation formula ͓25-27͔
In the linear-response regime ͑x / L Ӷ 1͒, Eq. ͑1͒ takes the
, is recovered. For DNA, this asymptotic behavior applies at forces well below the ones required for any structural transition. Equation ͑1͒ is a convenient and satisfactory interpolation between the linear response and the full stretching, asymptotic response.
Imposing a single kink on a ͑locally͒ rigid chain amounts to imposing a ͑rather͒ small angle ␥ Ϸ 20°between the strand and the direction of force at the kink ͑see Fig. 1͒ . The external stretching force introduces an extra correlation length as discussed below. The angle has to relax, bringing the strand back parallel to the direction of force at the expense of the bending energy. Equating the typical bending energy k B Tl p ͑␥ / ⌳͒ 2 ⌳ to the work against the tension f␥ 2 ⌳, it is easy to show that the relaxation length of the kink angle is ⌳ = ͱ k B Tl p / f under a given force f. For forces larger than k B T / l p , ⌳ is smaller than l p and thus relevant; otherwise the correlation length is just l p . From the formal point of view, kinks are always uncorrelated at the tension large enough to make ⌳ smaller than their separation, in which case kinks can be treated separately.
There are two contributions to the elastic response under the high tension ͑f ӷ k B T / l p ͒: one corresponds to ironing-out of fluctuations and the other to extracting the stored length from the kinked regions. Both scale as ϳ−1 / ͱ f. We will define the effective persistence length reflecting both contributions in Sec. II A.
If the applied force is small ͑f Ӷ k B T / l p ͒, the orientations of kinks are not necessarily aligned along the direction of the external force. As the kinked sites ͑such as consecutive G's͒ are randomly distributed along the chain, the large-scale chain orientation can be treated as a random walk with various step sizes ͑"random-flight model"͒. We consider this regime in Sec. II B. 
II. ELASTICITY OF A KINKED FILAMENT

A. Large-force limit
A semiflexible chain is described by position r͑s͒ at a curvilinear coordinate s along the chain. The tangent vector is u͑s͒ϵ‫ץ‬r͑s͒ / ‫ץ‬s with the constraint of u 2 ͑s͒ = 1 for all s. The energy of a stiff filament consists of the bending energy and the external force contributions,
where the applied force is coupled to the end-to-end extension x = x · ͓r͑L͒ − r͑0͔͒ with x in the direction of the force ͑see Fig. 2͒ . In the following we stick to the planar case for the sake of simplicity. The Lagrangian can be set as
where ͑s͒ is the angle between the tangential vector and the x axis at the curvilinear coordinate s and f is the external force. The optimal shape obeys the following Euler equation:
Isolated kink on a rigid chain
We first evaluate the characteristic relaxation length ⌳ of the kink angle under the given external force f. When the orientation of one end of the formally infinite filament is imposed with a certain angle ␥ at s =0 ͑see Fig. 1͒ , the equation of motion ͓Eq. ͑4͔͒ can be integrated with the boundary condition ͑s͒ → 0 when s → ϱ, to obtain the optimal shape:
with the expected correlation length ⌳. If ␥ / 4 remains small, we can approximate tan͓͑s͒ / 4͔Ϸ͑s͒ / 4 and obtain ͑s͒ = ␥ exp͑−s / ⌳͒. The optimal shape for the actual kink angle ␥ is sketched in Fig. 2 . Integrating 1 − cos ͑s͒ along the strand gives the end-to-end distance variation due to the length stored in the kink, L − x =8⌳ sin 2 ͑␥ / 4͒. The free-energy cost for imposing the kink is 16f⌳ sin 2 ͑␥ / 4͒ or f⌳␥ 2 after expansion. The linearized expression generally applies. If we insert typical numbers ͑f = 1 pN, l p =51 nm͒, a stored length of ϳ1 nm, a correlation length ⌳ ϳ 15 nm, and a kink energy of ϳ1 kJ/ mol or 0.4k B T / kink come out. This accounts for the large-scale deformation. We should keep in mind that adducts also locally perturb the double-helix structure, which leads to energy contributions of similar magnitude ͓5͔ ͑the core energy of a kink defect͒. Note that for monovalent salt concentration of 10 mM, the Debye screening length is about 3 nm, which is smaller than ⌳. Thus neglecting the electrostatic interactions seems to be a valid approximation.
Extension of symmetric and skew-symmetric conformations
If the position of guanine is random, the typical distance between GpG shows an exponential distribution. We checked the correlation of guanine position of the DNA sequence which was used in the experiments and found that there is indeed no correlation. Nevertheless, we assume that the f − x relation can be described as that for a typical contour length between kinks, 2S. A DNA with multiple kinks can be modeled as a series of short interkink filaments whose boundary angles are imposed. Two kinks separated by less than the correlation length ⌳ are coupled, but two kinks separated more than ⌳ are independent. As an adduct bends the helix in the direction of the major groove, it would be, in principle, possible to change the azimuthal orientation of kinks in order to somewhat diminish the bending energy at the expense of torsional energy.
When kinks are close enough, reorienting them to reach a skew-symmetric configuration would significantly reduce the bending energy. However, the torsional persistence length l t of DNA is typically twice as long as the bending persistence length ͓16͔. Generically the torsional energy to invest in this reorientation is prohibitive. Thus, the azimuthal reorientation is not likely to happen. To estimate the free-energy difference and illustrate the uncoupling of neighboring kinks under high tension, we compare, for brevity, the cases of two planar configurations in which kinks are regularly spaced by 2S: symmetric and skew-symmetric configurations as shown in Fig. 2 . In fitting to experimental results, the uncoupled kink model that applies to high tension is used and these complications related to the azimuthal orientation are irrelevant. Angular deflections are all together small as illustrated by the study of an isolated kink.
As the angle remains small, we can approximate Eq. ͑4͒ to l p k B T d 2 ds 2 − f͑s͒ = 0. The fixed angle at the kink ␥ = k / 2 Ϸ 20°gives the boundary condition for symmetric/skewsymmetric conformation, indicated by the solid line in Fig. 2 . The origin is taken at the midpoint between the two consecutive kinks of choice where ͑0͒ = 0 in the symmetric case and tain the symmetric and skew-symmetric extensions X S and X A under a given force by integrating 1 − 1 2 2 ͑s͒ over a period ͑4S͒,
The free energies for a subchain of length 4S are
which involve two kinks. The interaction between kinks is repulsive in the symmetric conformation and attractive in the skew-symmetric conformation. If the kink distribution would be annealed along DNA, kinks could be attractive to each other ͓22͔. The energy gain per period ͑two kinks͒ by bringing two kinks closer, ͉ A ͑S =0͒ − A ͑S = ϱ͉͒, increases with the tension but is always at most of order k B T in our experimental condition. Furthermore, in the large-force regime the attraction is also short ranged. As already mentioned, doublebound cisplatin can be considered as irreversibly bound on the time scale of the measurement. We do not expect any extra correlations between kinks to arise from this attraction. The free-energy difference is
For strongly coupled kinks ͑S / ⌳ → 0͒, the free-energy difference S − A ϳ 2k B Tl p ␥ 2 / S, and for ␥ = 20°we expect the difference to be about 1 4 l p S k B T, which can be as large as ϳ10k B T. Our calculation shows that the skew-symmetric configuration has lower ͑bending͒ energy.
So far we considered a regular and infinite series of kinks with free ͑with respect to rotation͒ boundary conditions. In practice, the strand under consideration is finite and boundary conditions ͑for example, fixed twist angle͒ might control the ordering of the kinks. If there is no external torque applied at either end, the skew-symmetric configuration with all inflection points ͑including the ends͒ aligned along the external force is a minimum-energy solution. In order to convert a symmetric form to a skew-symmetric one, the subchain should twist by over a contour length of 2S. A typical energy cost due to twisting, 2 l t 2S k B T, is much larger than S − A for l t Ͼ l p . Hence reorganization to all skewsymmetric sequences which would be naively anticipated from the two-dimensional ͑2-d͒ model does not take place. Only the full three-dimensional ͑3-d͒ model can consistently describe azimuthal correlations and torsional kinks. However, torsional effects of unwinding are not directly reflected by the force-extension curve ͓28͔. There is no reason to investigate them thoroughly here.
For large force ͑S
−2S/⌳ . The difference vanishes exponentially as the external force increases. So does the difference in extension. This substantiates our previous argument that kinks become independent from each other under large force. Ultimately we recover the free-energy cost per isolated kink.
Ironing out thermal fluctuations
So far we have neglected thermal fluctuations. Neglecting the bending around kinks, we may calculate fluctuations as on a bare strand without adducts. This is justified at large tensions where the total length is not much affected by kinks. It is exact in the limit of small angular deviations relevant to our experiments. In this case it is enough to use the quadratic approximation in the deflection angle. We may still decompose the deflection in the Euler-Lagrange solution which carries the proper kink singularities and a deviation which is everywhere regularized by the bending energy ͑it is not necessarily a small correction to the Euler-Lagrange solution͒. It is then seen that the deviation obeys the usual free fluctuation calculation.
Let us recall the partition function of the fluctuations along a bare strand of length L in one transverse direction ͑normalized by its zero force value Z fl 0 ͒ ͓29͔:
where f c = 2 k B Tl p / L 2 . The length stored in transverse fluctuations per each direction reads
For large force, the length stored in thermal fluctuations in both transverse directions ͑3-d strand͒ behaves asymptotically as
On the other hand, the stored length by a kink under the same force ͓Eq. ͑6͔͒ is
͑13͒
The first term in the right-hand side is negligible in the limit of the strong force. Thus in the strong-stretching limit, we estimate the total extension as
where the last expression refers to a wormlike chain with the effective persistence length ⌫ K :
ͪ.
͑15͒
The force-extension curves shown in Fig. 3 obey Eq. ͑14͒ in the high-tension regime.
For example, if all G-G/C-C sites are occupied, we expect on average one kink per eight base pairs. There are l p / 2S ϳ 150/ 8 kinks per l p . By setting ␥ =20°Ϸ / 9, we obtain the estimation of ⌫ K Ϸ 0.1l p Ϸ 5 nm ͑see Fig. 4 , dashed line͒. In Sec. II B, we estimate the extension in the coil-like regime.
B. Linear-response regime
In the absence of external force, kinks due to cisplatin adducts deflect the chain configuration and effectively reduce the average coil size. The size R of a semiflexible chain is given by
In small-tension regime, the elasticity of the molecule is governed by the linear-response theory and the reduction in endto-end fluctuation strengthens the molecule. The strengthening caused by kinking can thus be translated into an effective reduction of the persistence length. The corresponding physics is described by a random-flight model, which we modify here in order to take into account kinking effects. Along the curvilinear length s, the correlation between tangent vectors decays as ͗cos ͑s͒͘ = e −s/l p . By a single kink, we assume that the tangent angle bends by k within a basepair distance a ͑=3.4 Å͒. Accordingly, we define s k as the effective curvilinear length associated with k ,
By inserting k = 40°into Eq. ͑17͒, we obtain s k Ϸ 0.27l p Ϸ 13.7 nm. If a cisplatin binds to the backbone with the probability p, the tangent vector correlation in unit length ͑␦s =1a͒ can be described by
Two bond vectors b n and b n+1 , expressed on a unit sphere with the spherical coordinates ͑ n , n ͒ and ͑ n+1 , n+1 ͒, respectively, have an angle ␣ between them: cos ␣ = cos n cos n+1 + sin n sin n+1 cos͑ n − n+1 ͒. Assuming that azimuthal angles are not correlated, the angular deviation of the bond vector m base pairs apart is ͗cos m ͘ = K m . For small p Ӷ 1, we can define the effective persistence length ⌫ R as ⌫ R =−a / ln͑K͒. From the definition of s k ͓Eq. ͑17͔͒, we find the effective persistence length ⌫ R for a cisplatin-bound DNA:
Taking account of p =1/ 8 in the saturation limit of cisplatin binding, we obtain ⌫ R Ϸ 27.8a Ϸ 9.5 nm. It is 18.6% of the persistence length of bare dsDNA. Hence, the coil size of the platinated DNA can be estimated by replacing l p with ⌫ R in Eq. ͑16͒ at the maximum loading. The DNA coil size thus decreases as more and more kinks are formed. The relative change in coil size R 2 ͑p͒ / R 2 ͑0͒ at cisplatin occupancy p is ϳ⌫ R / l p . For a semiflexible chain carrying n = p͑L / a͒ kinks, the force-extension relation in the small-force regime ͑l p Ͻ⌳͒ can still be described by Eq. ͑1͒ except that the persistence length l p is now replaced with ⌫ R . In Fig. 4 , we plot both ⌫ K ͑p͒ ͑high-tension regime͒ and ⌫ R ͑p͒ ͑low-tension regime͒ as functions of cisplatin occupancy. Recollecting that in the kink model, the distance between kinks is 2S; therefore p = a / 2S in ⌫ K ͑p͒. Note that ⌫ K is always smaller than ⌫ R at any p. The difference in the effective persistence length between the two regimes is more pronounced as the cisplatin occupancy increases.
C. Analysis of experimental data
A DNA molecule was attached to a magnetic bead and introduced into the magnetic tweezers setup. With a bead of 1 m size, we can apply up to 6 pN. Before adding cisplatin, the DNA molecule is held by a maximum force of around 6 pN. Then cisplatin at the concentration of 1000 g / ml ͑3.3 mM͒ in salt solution is added to the sample chamber. During the incubation time, DNA extension decreases under constant tension. After a typical incubation time ͑ca. 30 min͒, excess cisplatin is washed out and the elastic property of cisplatin-bound DNA was obtained by measuring the force-extension curve. The measurements were performed for several different salt concentrations.
The extension ͗x͘ reflects the cisplatin occupancy. We compare the experimental results of force-extension measurement data of our DNA sample ͑ϳ14.8 kb͒ with the theoretical estimates above. From the base sequence of the DNA, we obtained the information on a typical segment length between two consecutive G-G pairs. If the base sequence is "random," the probability of having a consecutive G-G is p =1/ 16. Indeed, the distance distribution between consecutive G-G pairs is fitted with an exponential distribution with the characteristic length of 16a. Since kinks can also be associated with consecutive C-C's, complementary to G-G, a typical distance between possible cisplatin binding sites is 8a.
The random-flight model is valid when tangent angles at kinks are not correlated with the direction of the external force ͑⌳Ͼl p ͒. The elastic response in this regime is entropic and we fit the data with Eqs. ͑1͒ and ͑19͒. In the large-force regime ͑⌳Ͻl p ͒, the stored length in kinks is pulled out and fluctuations are suppressed. The aligned-kink model applies in this regime. The force-extension relation was fitted with the following standard worm-like chain ͑WLC͒ model:
where b is a fitting parameter reflecting the uncertainty on the attachment point of the DNA terminus on the bead. The effective persistence length ⌫͑p͒ is ⌫ K ͑⌫ R ͒ in low-tension ͑high-tension͒ regime.
In Fig. 3 , we present the experimental data of forceextension relation together with the fitting curves using Eq. ͑20͒ in both high-and low-tension regimes. All data from several batches can be consistently represented in Fig.  4 . As seen below, the concentration of NaCl in the reaction buffer influences the cisplatin binding dramatically. The platination of DNA is far less efficient at high salt concentration ͑Ͼ90 mM͒, while it is nearly saturated at low salt concentration ͑Ͻ10-20 mM͒. In Fig. 3͑a͒ , we show the forceextension curve of DNA incubated with cisplatin in 20 mM NaCl. The fitted effective persistence lengths are ⌫ K =9 nm in the high-tension regime and ⌫ R = 12.5 nm in the lowtension regime. The crossover from the low-to high-tension regime occurs around f Ϸ 0.4 pN, which is consistent with the condition 2⌳ Ϸ l p . The corresponding cisplatin occupancy is p K ͑=a / S͒Ϸ0.076 ͓inferred from Eq. ͑15͔͒ and p R Ϸ 0.087 ͓inferred from Eq. ͑19͔͒. This measurement was performed at the cisplatin occupancy which is about 2/3 of the theoretical saturation value where our previous assumption of noninteracting kinks is unlikely to be accurate even under the largest available pulling force. The experimental data for ͓NaCl͔ =60 mM ͑+ in Fig Fig. 4͒ , the effective persistence lengths in the two different regimes ͑⌫ R and ⌫ K ͒ converge to ⌫ K Ӎ ⌫ R = 40 nm and the cisplatin occupancy is shown to be reduced ͑p = 0.0073͒. At an even lower platination, as is the case for ͓NaCl͔ = 180 mM ͓Fig. 3͑c͒; ᮀ in Fig. 4͔ , both persistence lengths ͑Ϸ48 nm͒ are basically the same as that of bare DNA.
Under various experimental conditions, the persistence lengths deduced from the experimental data are presented in Fig. 4 and used to determine the degree of platination likewise. We mark all data sets of deduced effective persistence lengths and the corresponding platination degrees ͑⌫ K,R , p K,R ͒ on the theoretical curves. The cisplatin occupancies p K and p R obtained from the high-and low-tension regimes of the same force-extension curve are indicated as the y coordinates of identical symbols. Ideally, the two identical symbols should align horizontally, as p should not be different for both regimes. The discrepancy indicates the precision of determining cisplatin occupancy with this method. The theoretical maximum of p ͑=1 / 8͒ is marked as a double dotted line. Formally, one can reach the decoupled kink regime by applying a corresponding large force. However, our experiment only allows for moderate tension; the alignedkink model is unlikely to be accurate when cisplatin occupancy is high. The highest occupancy where kinks can be efficiently decoupled in our experiment ͑maximum tension of 6 pN͒ is indicated in Fig. 4 as a dotted line. At the high kink density, kinks remain somewhat correlated even at 6 pN and, consequently, the accuracy of ⌫ K is compromised there. Figure 4 includes data from two different cisplatin batches. It should however be noted that cisplatin activity decreases upon aging. To correlate the degree of platination to the cisplatin concentration or to the salt concentration at fixed cisplatin concentration, only the data from the same batch could be compared and the experiments should be completed within a limited period of time ͑say, within 1 or 2 weeks͒.
III. DISCUSSION
In this study, we considered the elasticity of a single cisplatin-DNA adduct which includes quenched sequence of kinks with a fixed angle. Double-bound cisplatin is strongly linked to the DNA and is unlikely to be exchanged with the buffer or to travel along the sequence during measurements. We provided theoretical models for two limiting regimes of tension: the linear regime ͑low extension͒ and the uncorrelated kink regime ͑high extension͒.
The elastic response of platinated DNA in the linear regime clearly shows strengthening compared to that of bare DNA. This corresponds, according to the fluctuation dissipation theorem, to a reduction in the average end-to-end distance squared. It is possible to attribute the shrinking and strengthening upon platination to a decrease in the effective persistence length. A random-flight model does account for this effect. At high tension, the elasticity of the adduct shows even more strengthened behavior than the extrapolated WLC behavior from the low-force regime ͓see Figs. 3͑a͒ and 3͑b͔͒. In the high-tension regime, yet far below the B-S or melting transition, we propose a model for uncoupled kinks distributed on an almost straight filament. The elastic response originates from two effects: ͑i͒ tension-dependent reduction in the size of the deformed region around a kink ͑the very kink angle being imposed͒ and ͑ii͒ ironing-out of thermal fluctuations.
In both regimes, only the density of kinks is the relevant parameter for the adduct elasticity. Whenever these two regimes are within experimental reach, a fit involving two different persistence lengths allows us to extract the degree of platination ͑density of kinks͒ independently from both regimes and the consistency required for the degree of platination can be checked. This method has several limitations at high kink density ͑close to saturation͒. In our experiment the maximum force is not enough to decouple the kinks at the saturation level. The continuum model of DNA we adopt here may not be sufficiently accurate either ͑kinks being too close to each other͒. Notwithstanding the limitations, we were able to consistently measure the degree of platination over a large range.
It turns out that the salt concentration influences the binding efficiency of cisplatin significantly. Sodium chloride present in the reaction bath dramatically suppresses the observed strengthening, implying little or no cisplatin binding in the salt concentrations of ϳ0.1M. At such high salt concentration, excess Cl − ions shift chemical equilibrium toward favoring the neutral form. The neutral form of cisplatin is unable to bind to DNA in vitro. In vivo ͓4͔ the neutral form ͑in contrast to the charged ones͒ can passively diffuse through the cell membrane. Inside the cell the chloride concentration is much lower ͑4-10 mM͒ and cisplatin hydrolyzes to the active charged form that binds to DNA. Besides the passive diffusion through the membrane, active processes are also involved ͓4͔. Note that other anions besides Cl − , e.g., carbonates and phosphates ͑present in the cell͒, can also suppress the mechanical signature of platination, for example, by favoring monoadducts. Moreover, some of those anions are known to be platinum ligands and to interfere with the platination of DNA. Nevertheless, the platination of chromosomal DNA is known to be quite efficient ͓4͔. As a passive anion ͑not acting as a ligand for platinum, e.g., NO 3 − ͒ should have little effect on binding, it would be interesting to quantify the sensitivity of binding to the chemical nature of added anions. In a marked contrast, small passive divalent counterions ͑cations͒ could strongly deplete cisplatin close to DNA. In addition, higher-valency cations ͑tri-and tetravalent͒ are known to lead to DNA collapse, while divalent cations should lead to moderate shrinking in a few millimolars range ͓30͔. Some cations, such as Mg 2+ ͑or Ca 2+ ͒, have an additional specific ͑nonelectrostatic͒ affinity for DNA ͓30,31͔ mainly through hydrogen bonding to the hydration shell of DNA. Experimental data on salt effects will be reported in detail elsewhere ͓32͔.
We provided a theoretical model for the elasticity of cisplatin-bound DNA whose backbone is deformed due to the formation of permanent kinks. By applying our theory to the force-extension data obtained with the magnetic tweezers technique, we consistently predicted the degree of platination. It was also possible to quantify the influence of salt ͑here mainly sodium chloride͒ on platination. Future extensions of this work include testing of platination under conditions close to a physiological one.
